INTRODUCTION
Zirconium alloys have been used as a fuel cladding material for a long time because they have good corrosion resistance and irradiation stability in a reactor environment. However, it was recognized that the severe oxidation and creep ballooning behaviors of zirconium alloy cladding tubes at an accident condition of a nuclear reactor have to be considered to improve nuclear plant safety after the Fukushima accident event [1, 2] . The cladding, having an accident tolerant performance, will need to have sufficient oxidation resistance at elevated temperatures to decrease the hydrogen generation needed to prevent hydrogen-related explosions [1] , as well as having sufficient strength at elevated temperatures to preserve the fuel rod geometry in order to maintain the core coolability [2] . The coating concept on zirconium alloy cladding is considered to improve the high temperature oxidation resistance [1, 3] . Although the oxidation resistance of zirconium alloy can be improved by the application of coating technology [1, 3] , the low strength of zirconium alloy cladding at high temperatures remained as a weak point. This is because the severe deformation of the cladding at increased temperatures is an inherent physical property of zirconium alloy. Thus, the mechanical strength of zirconium-based alloy at high temperature will be increased so as to increase the reactor core coolability.
The oxide dispersion strengthened (ODS) concept is considered to increase the strength of the zirconiumbased alloy up to high temperatures. At present, ODS alloys can be applied as structural materials for components in nuclear power plants, since such alloys have a high mechanical strength at high temperatures of up to 700 o C [4] [5] [6] . This type of alloy is generally manufactured through mechanical alloying from its source metal and Y 2 O 3 powders. The mechanical alloyed powders are subjected to the hot isotatic pressing (HIP) or hot extrusion;. The product is then heat treated at the target temperature and time. Thus, the Y 2 O 3 particles are dispersed in a metal matrix. The manufacturing processes of ODS alloy are very complex and expensive. In addition, it is necessary that special techniques be used to obtain a uniform dispersion and volume control of Y 2 O 3 particles. Another problem is the final product formation such as a tube or sheet since the intermediated-product has a high mechanical strength owing to the dispersion of Y 2 O 3 particles. From this, we considered an LBS technique as an alternative method for making the ODS of zirconium-based alloys. The surface modification of engineering materials by laser beam scanning (LBS) allows the improvement of properties in terms of reduced wear, increased corrosion resistance, and better strength. In this study, the laser beam scan method was applied to produce an oxide dispersion strengthened (ODS) structure on a zirconium metal surface. A recrystallized Zircaloy-4 alloy sheet with a thickness of 2 mm, and Y 2 O 3 particles of 10 μm were selected for ODS treatment using LBS. Through the LBS method, the Y 2 O 3 particles were dispersed in the Zircaloy-4 sheet surface at a thickness of 0.4 mm, which was about 20% when compared to the initial sheet thickness. The mean size of the dispersive particles was 20 nm, and the yield strength of the ODS treated plate at 500 o C was increased more than 65 % when compared to the initial state. This strength increase was caused by dispersive Y 2 O 3 particles in the matrix and the martensite transformation of Zircaloy-4 matrix by the LBS. Laser techniques have been applied to the surface modification of ceramics and inter-metallic compounds on a metal base and on ceramic base components. This is to increase the corrosion and wear resistance [7, 8] . A laser heat source can be used for alloying the metal and ceramic materials, as the thermal melting between metal and ceramic is possible [7, 8] . The main advantages and disadvantages of this technology can be summarized as follows:
• Directly applicable to apply to sheet and tube shape components • Metallurgical damage such as HAZ and severe grain growth is considerably reduced.
• Good control of the alloying element of the treated zone • Highly reproducible homogeneous zone • The pores and cracks are suppressed in the treated zone.
• Oxidation can be prevented during the process using inert gas.
• Good control is possible for irregular shaped components.
• Bulk material alloying is limited by the power of the laser source.
Generally, many laser sources such as a pulsed Nd: Yag laser used in SiC coating [7, 8] , an excimer pulsed laser used in alumina-13% titania coating [9] , and a continuous-wave CO 2 laser used in glass coating [10] are used to obtain good coating properties. However, since this is the first attempt to make the ODS alloy using a laser source, we have to resolve the technical and theoretical issues. In this work, we focused on the Y 2 O 3 ODS alloying of a Zircaloy-4 sheet using a continuous-wave diode laser.
Since, it is known that the manufacturing of zirconium alloy is difficult due to the HCP crystal structure of zirconium, the ODS treatment on zirconium alloy is reasonable to the final component such as a tube and sheet. A Zircaloy-4 sheet was used in this work because this alloy has been used as a reference alloy of fuel cladding material, generally. A detailed parametric study such as laser energy, scan speed, Y 2 O 3 powder amount, and inert gas flow was carried out to apply the ODS treatment on the surface of a Zircaloy-4 alloy sheet. For the surface ODS treated Zircaloy-4 sheet using LBS, a microstructure analysis using scanning electron microscopy (SEM) and transmission electron microscopy (TEM) was performed, and the strength variation using a tensile tester was also evaluated.
EXPERIMENTAL PROCEDURES

Material
A Zircaloy-4 (Zr-1.5Sn-0.2Fe-0.1Cr in wt.%) alloy sheet was used as a substrate with a dimension of 200 mm x 200 mm x 2 mm, as this material has been used as a fuel cladding tube, spacer grid, and guide thimble tubes of the fuel assembly in a light water reactor. The initial state of the Zircaloy-4 sheet was re-crystallized with a mean grain size of 7 μm. Before the LBS, the substrates were cleaned by alcohol to remove stains or contamination on the surface and then dried. The mean size of the Y 2 O 3 powders, which were supplied by Richest Group Ltd., was less than 10 μm; however, their shape and size were very irregular as shown in Fig. 1 . Owing to the irregular shape and very small size of the Y 2 O 3 powders, the Y 2 O 3 powders cannot be supplied using a powder feeder attached to an LBS machine. Thus, these powders were spread onto the Zircaloy-4 sheet in a suspended state with alcohol, and then dried. After drying, the thickness of the Y 2 O 3 powder layer was about 25 μm, which was measured using an eddy current tester (ECT).
Laser Beam Scanning (LBS)
The surface of the Y 2 O 3 spread Zircaloy-4 sheet was scanned by a continuous wave (CW) diode laser with a maximum power of 250 W (PF-1500F model; HBL Co.). The laser scanning parameters to make an ODS layer on the Zircaloy-4 alloy surface were determined from an internal study by controlling the laser power, scan speed, and overlap distance. These parameters are shown in Table 1 and a schematic drawing of ODS treatment is shown in Fig. 2 . To prevent oxidation during the LBS, inert gas (Ar) was continuously bellowed onto the melted zone.
Microstructure Characterization and Tensile Test
The microstructure and composition of an ODS alloying layer for a cross-sectional view have been determined using an optical microscope (OM), SEM with an energy dispersive spectrometer (EDS), and a high resolution (HR)-TEM analysis. The mean diameter and area fraction of the Y 2 O 3 particles incorporated in the Zircaloy-4 matrix were calculated from the high magnification of the SEM images. The samples for the TEM observation were prepared using a focused ion beam (FIB). the figure, different colors in both the LBS area, shown in black, and Y 2 O 3 doped area, shown in white, can be observed. In the OM observation, the melted zone with a 0.4 mm layer thickness was shown as having a fine grain structure, and a heat affected zone (HAZ) with a 0.3 mm layer thickness was observed between the melted zone and the recrystallized grain region (initial substrate structure of the Zircaloy-4 sheet). The melted zone was very quickly cooled after the laser beam scan, and therefore, the zone was transformed into a martensite structure. An HAZ was also generally formed near the melting zone during the laser beam scan or laser welding in the metals [12, 13] . From the cross-sectional observation by SEM, it was identified that a wave shape was formed at the substrate and ODS treated layer interface. This wave interface was caused by a repeated LBS line having about a 130 μm beam diameter on the Zircaloy-4 surface, which can be seen in the surface observation. [15] , respectively. Although both materials have a high melting point, melting and alloying occur by the application of the laser heat source. Of course, it was reported that SiC and SiO 2 powder mixing can be possible using a Nd:YAG pulsed laser [7] , and alumina-13% titnia coating was obtained using an eximer laser [9] . Thus, material with a very high melt-A tensile test was performed at room temperature and 500 o C for the ODS alloying sheet through laser scanning methods using an Instron type tensile testing machine. The tensile test was performed following the procedure of ASTM E8 -82 [11] , and the crosshead speed during the tensile test was 1.7 x 10 -3 s -1 for all specimens. Three samples were tested for each condition and very good reproducibility within ± 5% in strength and ductility was confirmed.
RESULTS AND DISCUSSION
Microstructure Characterization of Surface ODS Treated Zircaloy-4 using LBS
A detailed characterization of the oxide dispersion microstructure prepared using the LBS method is very important because it is the first time to make an ODS microstructure of a metal based alloy. Fig. 3 shows the surface appearance after LBS of the Y 2 O 3 powder spread on a Zircaloy-4 sheet, and cross-sectional OM and SEM observations of the ODS treated region. In the left part of group of about 15 nm and a large size group of about 125 nm. The number density of the small size group is much higher when compared to the large size group. The volume density was increased at the Zircaloy-4 sheet surface, and was gradually decreased when the depth was increased from the surface. This is related to the difference in phase density between Y 2 O 3 particles and zirconium metal, because the density of the zirconium matrix is higher than that of Y 2 O 3 particles. In the case of the ODS ferritic steel, which was fabricated through mechanical alloying and hot extrusion and annealing procedures, the mean particle size was shown to be 10 nm [16] . Although the matrix composition and manufacturing process between our work and Zhang's work [16] were very different, the fine oxide particles in the matrix can be obtained from both works. When compared to the previous manufacturing process used to make ODS alloy [6, 16] , the oxide particle size formed in the matrix was somewhat increased using a laser beaming scanning method. However, it is known that the laser scanning method is very simple and quick for making ODS alloy, as this process is directly applied to the fabricated sheet component. Although some problems such as a control of the particle size and the ODS alloying depth remained in this study, the surface ODS alloyed Zircaloy-4 sheet can be successfully manufactured using the LBS method with oxide powders.
Tensile Strength Behavior of Surface ODS Al Loyed Zircaloy-4 Sheet
The aim of conventional ODS alloy is to increase the mechanical strength up to the very high temperature of the metal-based alloys. An evaluation of the strength of this alloy is necessary because this is the first time to make ODS Zircaloy-4 using the LBS method. Since the ODS alloyed layer of a Zircaloy-4 sheet is about 0.4 mm, the specimen preparation and test for the only ODS ing temperature should be melted and alloyed using a laser energy source. However, the threshold energy used to melt the material is dependent on the material types. During the laser treatment, the important technical point in this work is the control of the energy density, scan speed, inert gas flow, and cooling rate. When compared to the Y 2 O 3 particle size between initial powders less than 10 μm, as shown in Fig. 1 , and the incorporated particles, as shown in Fig. 3 , the size of the initial Y 2 O 3 particles is considerably decreased after the alloying treatment. A decrease of the Y 2 O 3 particle size compared to the initial state was caused by the surface vaporization of Y 2 O 3 particles during laser beam heating. The particle size decrease can be identified as a parameter study during the LBS for the Y 2 O 3 particles, which were spread on the glass. After the LBS on the Y 2 O 3 particles, the size of the particles was significantly decreased by the surface vaporization phenomenon caused by a laser heat source. Fig. 4 shows the HR-TEM analysis results of the LBS region with the Y 2 O 3 particles to evaluate the ODS structure in the zirconium alloy matrix. In the overall appearance from the TEM observation, a plate martensite structure with many dislocations was formed in the LBS region. In the upper images, the Y 2 O 3 particles were not clearly identified, such as the SEM observation image, shown in Fig. 3 . However, the particle distribution can be analyzed from the EDS mapping profile of yttrium (Ka), and the distribution behavior of the Y 2 O 3 particles which can be clearly recognized from the EDS mapping results for the yttrium. The oxide particles formed in the Zircaloy-4 matrix were identified as a Y 2 O 3 phase having a cubic structure from the lattice and composition analyses.
To identify the Y 2 O 3 particle size and area fraction in the ODS alloying layer, the particle frequency was calculated based on highly magnified SEM and TEM images, as shown in Figs. 3 and 4 . The size distribution of the Y 2 O 3 particles was divided into two groups between a small size alloyed layer are very difficult. In this work, the tensile specimens of a dog-born type were prepared from a ODS treated Zircaloy-4 sheet of 2 mm thickness. Thus, the fraction of ODS layer thickness of the tensile specimens was 20%. Before the tensile tests, it is necessary to consider the mechanical hardening mechanism by LBS, since the strength of metal-based materials can be increased by the martensitic phase transformation and the oxide particle dispersion in the matrix after LBS. Because a martensite structure can be formed by the quick cooling rate from high temperature to room temperature in the zirconium alloys [17, 18] , a strength increase is caused by the formation of a martensite structure on the Zircaloy-4 sheet surface by the laser beam treatment. In addition, it is thought that a strength increase resulted from the dispersion of Y 2 O 3 oxide particles in the ODS alloyed layer on the Zircaloy-4 sheet surface by the laser beam treatment. Thus, three types of tensile test specimens were prepared to separately evaluate for the three conditions among the initial Zircaloy-4 sheet, surface LBS, and surface LBS with Y 2 O 3 oxide powders. To the best of our knowledge, the strength data of the ODS Zircaloy-4 cannot be found, and thus we showed only our data regarding the strength of a partially ODS alloyed Zircaloy-4 sheet, which was produced by the LBS method. Fig. 6 shows the engineering stress-strain curves of three types of prepared samples consisting of the initial state Zircaloy-4 sheet (marked as initial sheet), surface laser beam scanned Zircaloy-4 sheet (marked as surface LBS), and surface laser beam scanned Zircaloy-4 sheet with Y 2 O 3 oxide powders (marked as surface LBS with Y 2 O 3 powder). The strength and ductility variations with the prepared samples were clearly shown in both the room temperature and 500 o C tests. The tensile tested results, which were averaged from the three tests, are summarized in Table 2 . At the room temperature test, the yield strength (YS) and ultimate tensile strength (UTS) were gradually increased by the surface LBS condition to the surface LBS with Y 2 O 3 powder condition when com- face crack formation at the fractured region in zirconium alloys was caused by the dislocation pile-up to the oriented slip plane of HCP zirconium during the tensile test [19] . The dimple size of initial Zircaloy-4 was higher than those of the other two samples, whereas, the LBS region of the two types of surface LBS-treated samples failed due to a large crack formation, and the dimple size was considerably decreased at the LBS-treated region. From the fractography, the material characteristics of high strength and low ductility can be expected from the LBS treatment. After the 500 o C test, the fractured behavior was basically similar to the room temperature test results. However, the elongation of the necking area was increased in all samples, and the frequency of the large crack formation in the LBS region was decreased when compared to the room temperature test. From these miwere gradually increased by the surface LBS condition as well as surface LBS with Y 2 O 3 powder condition when compared to the initial state of the Zircaloy-4 sheet. In particular, the strength result was considerably improved by the surface LBS treatment with oxide powder. The uniform elongation region of three sample types at 500 o C test was very limited when compared to the room temperature test. In addition, the strain elongation of the LBStreated surface and LBS-treated surface with oxide powder samples was sharply dropped after the highest stress. Fig. 7 shows the SEM micrographs for the fractured region of the tested samples at both room temperature and 500 o C. The fractured shape and dimple morphology was changed by the surface treatment using LBS. After the room temperature test, many small cracks were observed on the initial Zircaloy-4 sheet surface. The sur- temperatures. Thus, the reactor core coolibility, which was decreased by the strength improvement at high temperature, could be increased by using the ODS alloyed zirconium-based alloy.
CONCLUSIONS
Y 2 O 3 particles can be successfully dispersed in a Zircaloy-4 sheet surface using an LBS method. Sub-micron Y 2 O 3 particles were uniformly distributed in a laser ODS alloyed layer without voids or cracks. The size distribution of the Y 2 O 3 particles formed on Zircaloy matrix was divided into two groups consisting of a small-size group of about 15 nm (major) and a large-size group of about 125 nm (minor) for the 0.4 mm thickness layer. From the tensile test at 500 o C, the strength of laser ODS alloying on the Zircaloy-4 sheet was increased more than 65% when compared to the initial state of the sheet, although the ODS alloyed layer was 20% of the specimen thickness. This strength increase was caused by the dispersive Y 2 O 3 particles and martensite formation on the Zircaloy-4 sheet using an LBS method. This technology showed a good opportunity to increase the strength without major changes in the substrates of zirconium-based alloys.
crographs, it was thought that the crack propagation of the surface LBS-treated Zircaloy-4 sheet progressed after the initial cracking of the LBS region, because the ductility of the LBS-treated region was much lower than that of the Zircaloy-4 sheet substrate. Although large cracks were formed in the LBS region, the surface treated layer by LBS was not spalled after the tensile test at both room temperature and 500 o C. Thus, it is known that the interface adhesion property between the Zircaloy-4 matrix and LBS-treated layer is very stable.
When compared to the YS of the initial state Zircaloy-4 sheet, the YS after surface LBS-treated sheet was increased more than 15% at room temperature and 30% at 500 o C, and the YS after surface LBS-treated sheet with Y 2 O 3 powder was increased more than 25% at room temperature and 65% at 500 o C, although the LBS-treated layer was 20% for the specimen thickness. It is thought that this strength variation was caused by the microstructural changes such as the formation of martensite structure and the Y 2 O 3 particle dispersion in the matrix and by LBS treatment. The martensite structure formation and the Y 2 O 3 particle dispersion were clearly confirmed by the TEM microscopic observation for the melted zone as shown in Fig. 4 after the LBS treatment with Y 2 O 3 powder. After a comparison of the strength data, as shown in Fig. 6 (a) and (b) , it is known that the dispersive Y 2 O 3 particles in the martensite matrix were affected by the improvement of the mechanical strength of the Zircaloy-4 alloy, since the surface LBS condition with oxide powder showed higher strength than the surface LBS condition.
An excessive decrease of ductile elongation during the 500 o C tensile test was observed in the surface LBStreated samples, as shown in Fig. 6 (b) . This phenomenon can be thought to be from excess engineering stress, which was much higher than the UTS of the initial Zircaloy-4 sheet, applied to the surface LBS-treated samples during the tensile test. Thus, the Zircaloy-4 matrix cannot resist excess engineering stress after the fracture of the surface LBS-treated layer. This can be recognized from the fractured region of the tested samples at 500 o C, as shown in Fig. 7 (b) , because the severely deformed Zircaloy-4 part having a corn shape was observed at the non LBS-treated region.
After a comparison of the strength data, as shown in Fig. 6 (a) and (b) , it is evidence that the dispersed Y 2 O 3 particles in the martensite matrix improve the mechanical strength of a Zircaloy-4 sheet can be increased by the microstructural changes such as martensite phase formation and Y 2 O 3 particle dispersion. From this, it was known that the surface of an ODS Zircaloy-4 sheet can be obtained by the surface LBS treatment with oxide powders, although this treatment cannot obtain the full thickness of an ODS alloy in this stage. This ODS alloying technique can be directly applied to previously manufactured components such as Zirconium alloy claddings, guide tubes, and spacer grids to increase the strength up to high
